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Abstract

Experimental and theoretical excitation cross sections are reported for the transitions

2s22p  2P” -~ 2s2p2  4 P, 2D and 2S in C //. The transition wavelengths (energies) are J

2324 ~ (5.34 eV), J 1335 ~ (9,29 eV), and J 1036 ~ (1 1,96 eV), respectively. Use

is made of electron energy-loss and mergecl-beams  methods. The energy range covered

is from below each threshold (4-1 1 eV) tc) 22-25 eV. As in previous work with O //, care

was taken to assess and minimize the metastable  fraction in the C // beam, to account

for contributions from nearby energy-loss features, and to collect  the full angular range ‘

of inelastically-scattered electrons. Comparison is made for each transition between

experiment and a new 8-state /?-matrix calculations,
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1 .  INTRODUCTICJN

Determination of the physical conditions of ion densi y, and electron density

and temperature in solar and astrophysical objects depends on observing emissions

from singly- and multiply-charged ions in the various sources, This is done through

an array of sophisticated ground-basecj  observatories, and most dramatically through

space-based observations from, for example, the //ubb/e Space Te/escope  (Johnson

et al. 1995), the Extreme Ultraviolet Explorer (Appenzeller  et al. 1995), the Hopkins

Ultraviolet Telescope (Blair et al. 1992), the Yohkoh (Sterling et al. 1994) and Hinotori

(Doschek 1990) satellites, and the upcoming SOHO solar mission (ESA 1988).

Optical emissions from C //, especially the A 1335 ~ transition, are detected in these

and other solar/stellar observations (Cassinelli  et a/. 1995, Sion et a/. 1995, Brekke

1993, Davidsen 1993, Savage et a/. 1991, Lennoll  et a/. 1985). The emissions are

in almost all cases excited through collisional (electron) excitatic]n  ---- requiring collision

cross sections or strengths; while the dc~wnward  transitions are controlled v i a

radiative decay — requiring optical f-values. For a simple high-density, two-level

system, the population N i of level i can be expressed as (Gabriel & Jordan 1972;

Mason & Monsignori-Fossi 1994),

(1)

where N. is the electron density, No the emitter ground-level density, Afi + g) t h e

spontaneous radiat ive decay rate i to g, and C(g + i) the electron collisional  rate

coefficient for the transition g -+ i, The C(g -+ i) in turn are integrals of the collision
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2P”-+ 4P (intercombination), 2P”-+ 2D (allowed), anti 2P” -* 2S (allowed) signals by

electrons elastically-scattered through large angles, l-he maximum uncertainty in the

subtraction procedure is 7°/0.

For convenience we summarize in the following the technique used to calculate

the contribution from inelastically-scattered electrons due to nearby energy-loss

transitions. Electron trajectory calculations using the SIMION  computer code (Dahl

& Delmore 1988) were performed to estimate the fraction F of electrons, scattered

by competing inelastic processes, which could strike the PSD under a given set of

tuning conditions. Only a limited range of Iaboratoryti,  @ scattering angles contribute,

depending on parameters such as analyzer plate voltages, laboratory (LAB) -to-CM

angle transformations, chosen potential on the [’SD retarding grids, and selected

region-of-interest (ROI)  of the PSD. For a given impact energy, and at each 8, the

product of the fraction F and the DCS at that ti is

summed over all 8 giving the total adjacent-state

Simulations were performed at 30 separate energies.

calculated. The products are

contributions at that energy,

A total of approximately 4000

ion trajectories were recc]rded  to builci up this overlap information. Based on these

results contributions from transitions to adjacent states at other non-calculated

energies were interpolated and extrapolated, Overlaps were calculated for the

following possibilities:

2P” -+ 2D + 2P” -> 2S contribution to the 2P” -~ 4P s ignal ,

2P” a 4P + 2P” -> 2S contribution to the 2P” -~ 2D s ignal ,

2P” a 4P + 2P” –> 2D contribution to the 2F’0 --> ‘S signal.
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4. RESULTS AND DISCUSSION

4.1. Experimental-Theoretical Results forthe2P0-+  4P(lntercombination)  Excitation

Experimental and theoretical cross sections for excitat ion of the f irst

intercombination 2P” + 4P J 2324 ~ (5.34 eV) transition are given in Table 5 and

shown in Figures 3 and 6, The experimental data are quoteci  at a 90% confidence

level, or 1.7 standard deviations (o) of the mean, Within the statistical uncertainty,

the cross section is zero below threshold, indicating negligible contribution of a 4P ~

2D transition (3,95 eV). Shown in Fig. 3 is the theoretical DCS calculated in the range

U {O,rT} at several CM energies between 6,0 and 18.0 eV. Near threshold the DCS

is dominated bys-wave  scattering (essentially isc]tropic)  and becomes more backward-

peaked at higher energies. This was also experimentally indicated at 6.0 eV, where

the ratio /? was measured using the electron rnirlor, giving close agreement with

theory.

Present theoretical calculations have been convoluted with a Gaussian, 250

meV (FWHM) electron energy distribution function. “l_h(?se  data are shown as the solid

curve in Figure .6, along with calculations of Luc) & Pradhan (1990) (dashed curve).

There is generally good agreement between the two calculations, and between

experiment and calculations, from threshold to the Ilighest  energy measured (2.9 x

threshold), Some experimental evidence is seen for the resonance minimum at 6.8

eV,  espec ia l ly  w i th in  smal ler  re/ative  uncertainty l imits, but further data at

intermediate energies would be needed to establish a clearer resonance profile,
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4.3. Experimental-Theoretical Results for the 2P” + 2S (Allowed) Excitation

Experimental and theoretical cross sections for excitation of the second optically-

allowed 2P” -~ 2S A 1036 ~ (1 1.96 eV) transition are listed in Table 7 and shown in

Figures 5 and 8. The theoretical DCS has a strong backwarci  component at 12,0 eV,

and becomes more forward peaked up tc) 22,0 eV, the highest energy calculated. This

is again consistent with the allowed (resonance) nature of the transition. Experimental

measurements of R at 14.0 eV confirm the shape of the calculated DCS.

The energy range c]f the experimental excitation cross sections (Figure 8) is

threshold to 2 x threshold. As in the 2P” -* 2 D t ransit ion, contr ibut ions from the

adjacent 2P”-> ‘D and 2P” ~ 2P transitions were calculated based on the respective DCS’S

and trajectory modeling. These contributions, listed separately in Table 7, were

subtracted off, Agreement is again good k]etween  the two A’-rnatrix  calculations and

present data.
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Table 1

Individual and Total-Quadrature Experimental Uncertainties in e-C // Data.

.————. — ———. .——. —._. ..— —

Source of uncertainty

——— — . .  — . -

Counting statistics

Form factor

Path length

E:lectron-current  measurement

Ion-current measurement

PSD efficiency calibration

Angular correction 1?

Overlapping elastic contribution

Overlapping inelastic contribution

Metastabie  fraction

Dead-time correction”

Total quadrature uncertainty (1 .7u or 90% CL)

——. ..— —.. . . ..—

Uncertainty at the 1 u

confidence level (’XO)

_— .—. —.. .--—. ..— —— —

1,0

6.0

1,0

0.5

0.5

2.0

5.0

7.0

2 .0

2.0

-0.0

+ 2 . 0

—————

+2170

-19’%0

. —-——- ..—. .

a l-his one-sided uncertainty is added linearly to the quadrature combination of the

remaining uncertainties,
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Table 2

Parameters forthe Bound Orbitals  Used intl~e  Calculation. Each Orbital isa Sum of the

Slater-Type  Orbitals.

.— ———. — -—.—- . ..—. — — ————. .—— —.—

Orbital Power of r Exponent

.— — —.. ————————.  ..—. —

3s 1 4,78401

2 1.72231

3 0.88341

3p

3d

4s

4p

2

3

3

1.84036

0.73458

0.69838

1 4.72112

2 1.23801

3 0.75441

4 1.65516

2 1.95764

3 1.95645

4 0.89554

——— ..— —.. -— — ————.—-  —— . . . .-— —
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Table 3

Calculated and Spectroscopic Energies of the Excited States of C//

Relative to the Ground State.

— —-—.—.—.—- -— ———. .- —— -

State Energy Luo & Pradhan (1989)

(present, eV)

_.— .——_—. —-. .—— - ..—. — . .

1. 2s22p 2P” 0,0 0.0

2 0  2s2p2 4P 5.08 5.16

3. 2S2P2 *D 9.35 9.41

4.  2s2p2 2s 12.12 12.26

5! 2s2p2 2P
13.94 13.95

6. 2s 23s 2S
14.39 14.5:+

7, 2s23p 2P” 16,22 16.40

8 .  2p3 4S 0 17.81 18.01

—

Spectroscopic

(Moore 1949)

0 .0

5.34

9.29

11.96

13.71

14.44

16.32

17.60

-— _—.
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Table 4

Oscillator Strengths for Electric-Dipole-Allowed Transitions in C// in Length (f~ ) and Velocity (fv ) Formulations.

Transition Present Luo & Pradhan (1 989) Experiment

fL f“ fL f, (Eissner et al. 1974)

2S22P 2D0 + 2S2p2 2D 0.125 0.135 0.125 0.~27 o.~zo

2s22p 2P”+ 2s2p2 2s 0.125 0.136 0.129 0.132 0.128

2S22D  2? 0 + 2s2~2 *P ~5Q3 ~.515 9.5:7 ~.522 ().A~5

2SZ2P 2P” + 2s23s 2S 0.011 0.008

2s2p~ 4P  + 2p3  4s 0 0.178 0.178

2s2p2 2D  + 2S22P 2P 0.009 0.017

2s2p2 2S  += 2S23P 2P 0.180 0.170

2S2C)2 2P  ~ 2S23D 2P” 0.000f 0.0003

2 s23s  2s + 2sz3p 2P” 0.676 0.511

0.!84 0.174 0.176
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Table 5

Experimental and Theoretical (/?-matrix) Cross Sections  o(E)

forthe  2P” +4P(lntercombination)  Transition in C//

_ — .  _ --———— ——- .-—--— ———.—————-———
Experimental l?-matrix

Energy (eV) u(E) R 2D Contrib. u(E)

— .——-—.  —- .——. —. ——— —.. — ——..—--——— —

4.0

5.0

6.0

6.0

6.0

6.1

6.1

7.0

8.0

8.0

8.6

9.0

9.0

9.4

9.4

10.0

10.3

10.3

11.1

11.9

12.8

13.7

14.1

14.5

15.0

15.4

16.0

18.0

— —— —.—

0.025

0.105

0.688

0,813

0.851

0.874

0.880

0,644

0.829

0.783

0.573

0.606

0.788

0.651

0,851

0.477

0,404

0.529

0.616

0.579

0.428

0.263

0.376

0.262

0.381

0.283

— .-__—

below  threshold

below threshold

reflector 0.925

reflector 0.925

1.27 0.925

1.28

1.27

1.30

reflector

reflector

1.41

1.44

1.44

1.44 0.025

1.48 0.025

reflector 0 .070

1.52 0.092

1.54 0.095

1.55 0.129

1.56 0.138

1.55 0.125

1.54 0.095

1.53 0.080

1.53 0.068

reflector 0.045

1.54 0.025

0.245

0.188

—

0.561

0.561

0.507

Notes: Here and in the following tables the ratio  R is defined in eq. (3). “Reflector”

denotes complete angular collection with the mirror. Units of o(E.) and 2D contribution are

10-16 cm2.
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Table 6

Experimental and Theoretical (R-matrix) Cross Sections u(E)
for the ‘F’ + ‘D (Allowed) Transition in C //

. — —  — .  — _  —  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ --. .- —. ——. - —

Experimental R-matrix
Energy (eV) u(E) R 4 P Contrib. 2 S  Contrib. u(E)

— .— .—-_— ___ ______ . ..____—. ..__ —
8.6
9.4
10.0
10.0
10,0
10.0
10.3
10.3
10.7
11.1
11.5
12.0
12.4
12.8
13.5
13.6
13.7
14.0
14.5
15.0
15.4
15.4
16.0
16.3
16.3
17.1
18.0
18.0
18.4
18.9
19.8
20.0
21.4
21.5
21.5
21.8
22.0
22.4
22.7
23.6

.—_— ___

0.074
0.657

1.29
1.14
1.28
1,06
1,26
0.953
1.12
1.71

0.751
1.37
1.29
1.08
0.936

0.964
1.30
1.52
0.89

1.08
1.19
1.05
1.26

1.28
1.04
0.908

0.793
0.729
0.986
0.852

1.08
0.643
0.84

—

below theshold
1,00

reflector
reflector
reflector
1.22
1.22
reflector
1.26
1.33

1.33
1,30
reflector
reflector
1.30

1.29
reflector
1.28
1.28

1.27
1.27
1.26
1.26

1.25
1.24
1.22

1.22
1.22
1.22
1.22

1.21
1.22
1.22

1.02

0.016
0.014
0.024
0.036
0.045

1.02
0 . 0 5 4
0.058
0,055
0.055
0.054

0.038
0.026
0.015
0.015

0
0
0
0

().[)49
0.054
0.058

0.026
0.025
0.025
0.025

0.024
0 . 0 2 4
0.022
0.022

0.021
0.021
0.020
0.022

0.025
0.024
0.029

0.041
0.042
0.044
0.044

—-— —--- —. —. .-.

0.957

0.878

0.799

0.854

0.792
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